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ABSTRACT 
, 
The effects of stress on Si implanted through reactively 
rf sputtered Silicon Nitride (SiNx) on <100> undoped Liquid 
Encapsulated Czochralski (LEC) semi-insulating GaAs has been 
studied in this thesis. One-step and two-st(ep stressed 
anneal process··· are used to investigate this effect. The 
stress distribution in· SiNx doubly-coated GaAs is calculated 
by using four point bending approach before and after applied 
stress. The results are compared tp literature data. The 
influence of stress on activation -is found to be more 
significant in one-step stressed anneal process and has less 
effect in the two-step stressed anneal. This suggests that 
I. 
the dislocation mobilities are the dominate forces for 
activation in one-step stressed anneal but a critical 
activation stress, r a, to move dislocation is required for 
electrically activated n-type GaAs in the two-step stressed 
" 
anneal case. 
• 
The experimental results show that the critical 
activ~tion stress exceeds -2.28E4 dynes/cm2 for tensile stress 
and -8.86E4 dynes/cm2 for compressive stress at 800 °C for n-
type ( Si carrier concentration 1x1018 cm-3 ) .GaAs thin strips 
( 35mm x 6mm x 500 µm) . Before and after stressed anneal Auger 
Electron Spectroscopy (AES) analysis is used to verify the 
property of SiNx. No visible degradation of the thin film and 
1 
' 
no out-diffusion.of Ga/As are found witnin the AES detection 
limit. Electrochemical C-V measurement and Hall mobility 
measurement are employed to characterize the electrical 
p_roperties of these samples. A higher peak • carrier 
concentration and shallow junction a-re observed. One major 
implication of the above studies is that Si implanted through 
rf sputtered SiNx on LEC SI-GaAs is a practical technique for 
GaAs tec.hnology. 
2 
,, 
I. INTRODUCTION 
1.1 GaAs Materials and Properties 
GaAs is a III-V compound semiconductor. It is composed 
of an element (Ga) from column III of the periodic chart and 
an element (As) from column V. Therefore, Ga has three and 
As has five free electrons. The bonding structure • lS 
primarily covalent in nature, but also partly ionic. Because 
of its direct energy band structure, GaAs has higher mobility 
and radiation hardness than silicon. Moreover, GaAs can 
readily be made in a semi-insulating substrate form. The bulk 
resistivity of GaAs varies from 10-6 to 1022 ohm-cm, which is 
one of the greatest ranges of any physical parameter. [ 1 J The 
above characteristics mean that GaAs is a material good for 
-
high speed, lower power consumption, radiation protection and 
C 
optoelectronic dev,ices. More importantly, the semi-insulating 
characteristics makes GaAs a good substrate material to 
~ . 
fabricate Monolithic Microwave Integrated Circuits (r1MIC), and 
# 
digital integrated circuits . 
.. 
GaAs has a zincblende lattice structure. It is composed 
rl 
of two inter-penetrating face-centered cubic (fee) sublattice 
as shown in Fig 1.1. [2] It has fee translation symmetry with 
a basis of one GaAs molecule, one atom at o,o,o, and the 
other at 1/4,1/4,1/4 of the nonprimitive fee unit cube. The 
3 
1· " 
• 
" 
(111) Ga face has gallium atoms with no free electron; the 
( 111) As face consists of arsenic atoms each with a free 
electron. The (111) As face is more electronically active 
than the {111) Ga face. As a result, crystal oxidation occurs 
more rapidly in the- (111) As face than the (111) Ga face. 
Accordingly, the etch rate of the {111) As face is faster than 
the (111) Ga face. 
(111 J 
[ 111 ] 
(111) Ga 
(A face) 
( 111 ) As 
(B face) 
Fig 1.1 The zincblende lattice observed at right 
angles to a [111] axis, and along a [110] axis. [2] 
On the other hand, the {100} faces of GaAs consist of 
either all gallium or all arsenic atoms with double bonds 
attached to the lower layer atoms leaving two dangling bonds. 
It is expected that {100} faces have moderate etch rates. The 
4 
I .. 
- . . - - . ··-· --
•. 
... 
' 
. - - -
two natural cleavage directions for GaAs intersect the (100) 
plane at right angles, and are perpendicular to each other. 
Such slices can easily be cleaved to fo~m perfect rectangular 
chips. So, (100) orientated GaAs is the most commonly used 
plane for device fabrication. 
It seems reasonable to suppose the mechanical behavior 
of a GaAs crystal to be similar to that of Si to some extent 
because of the similarities in atomic bonding and crystal 
structure. The brittle nature of GaAs at room temperature is 
believed due to the covalent bonding, low symmetry crystal 
structure and long range ordering. It becomes ductile at 
elevated temperatures. Plastic deformation at high 
temperature usually generates dislocations having the Burgers 
vectors of (a/2)<100> and glide along the {111} plane as in 
the silicon crystal. 
Glide dislocations with an edge component having a row 
of Ga atoms at the extra half atomic plane are termed Ga 
dislocations or a dislocations, and those having As atoms at 
the edges are called As dislocations or B dislocations. Since 
the atomic radii of Ga and As are not the same, introducing 
of Ga dislocation cause the bending of. the crystal concave 
downwards and that of As dislocation the bending concave 
upwards. [ 3] Therefore, it • 1S po~sible to introduce a 
majority of either a or B dislocations into the 
5 
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Fig 1.2 Stress-strain curves of LEC-grown specimens as 
dependent on the strain rate. The tem2erature is 450°C 
; the density of dislocation is 1E5 cm- 2 • [7] 
~ .' , 7.2xlfrs-1 
.. 
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Fig 1.3 Upper and lower yield stresses, Tuy and rL;, of 
boat- and LEC-grown specimens in the as-grown state 
plotted against th~ strain rate€ for two different 
temperature. (7] 
6 
" 
crystal by bending it about specific axes. [4] 
The mechanical characteristics of plastically deformed 
GaAs has been investigated experimentally by Yonenaga et al. 
[ 7] The stress-strain behavior and yield strength w.ere 
• 
measured as a function of temperature and strain rate as given 
in Fig 1.2 and Fig 1.3, respectively. Some material 
properties of GaAs of particular interesting oin this study are 
listed in Table 1.1 [6] 
Table 1.1 Some material properties of bulk GaAs [6] _ 
Lattice constant (A) 
Crystal density (g/cm3 ) 
Melting point (°C) 
Thermal expansion coefficient 
(x 1E~6 °<;:- 1 ) 
Young modulus (x Ell dynes/cm2) 
Passion's ratio .. 
Bulk modul~s (x Ell dynes/cm2) 
, . 
5.6533 
5. 36 
1238 
6.4 
8.53 
0.31 
7.55 
1.2 Reactively rf Sputtered Silicon Nitride Thin Films 
Because of the highly important practical value of 
silicon nitride (SiNx, where SiNx reflects the uncertainty of 
chemical stoichiometry) thin films in the semiconductor 
7 
<' 
. ' . 
~-· 
·-------~ _ _...._ --
industry, this material has been intensively studied in the 
literature. The general purpose of silicon nitride thin films 
. . 
are as masks and passivation layers because of its chemical 
and thermal stability. Various nitride deposition techniques 
have been considered, such as direct nitridation of silicon 
(8], de and rf sputtering [9,10], and conventional Chemical 
Vapor Deposit-ion (CVD) [12]. Among all those techniques, CVD 
thermally reacted ammonia with silane is the most popular 
process in silicon technology. However, the high operating 
temperature makes this process less attractive for GaAs 
application. 
I 
, 
I l 
4, D D 5 
II IO 
'I 
' I ,Vz .,,. 
,. 
~o 
.. g 
Fig 1.4 RF reactive sputtering apparatus: 1. bell jar; 
2. sight glass; 3. substrate holder; 4. GaAs substrate; 
5. shutter; 6. silicon target_; 7-9 rf generating devices; 
10. vacuum gauge; 11. diffusion pump. [12] 
The rf sputtering process can produce amorphous silicon 
nitride thin films at low temperature {<200°C) or even can be 
carried out at nearly room temperature, thus making it a 
potential deposition technique for GaAs material passivation. 
8 
.,. ·, 
.. 
' ... 
• 
,. 
' ' 
A schematic diagram, (Fig 1. 4) [ 12] of rf sputtering deposition 
system shows a vacuum bell jar, the target sources, operating 
gases, and rf high voltage supplies. 
Deposition of silicon nitride onto the GaAs substrate 
can be accomplished by two methods: by direct rf sputtering 
with a Si3N4 target source and by reactively rf sputtering a 
pure silicon target in a N2 ambient. The latter process was 
applied in this work. Sputtering • lS a process whereby 
material -is dislodged and ejected from the surface of a solid 
due to ·the mon1entum exchange associated with surface 
bombardment by energetic particles. [ 13 J In reactively rf 
sputtering process, these sputtered energetic silicon atoms 
will further react with nitrogen to form SiNx. However, the 
film stoichiometry • lS strongly affected by operation 
parameters such as rf power density, vacuum pressure, and the 
distance between target and substrate. 
The-material properties of reactively rf sputtered SiNx 
thin film have been widely studied. [12,14-20] Table 1. 2 
lists some of values. The intrinsic film stress in reactively 
rf sputtered SiNx depends upon the Si/N ratioe [20] Stress 
in the unhydrogenated films changes rapidly from l.5E9 
(tensile) to -3. OE9 dynes/cm2 (compressive) with an increase·· 
in Si/N ratio from 0.75 to 1.0, and remains compressive for 
Si/N ratio > 1.0 (Fig 1.5). [20] 
9 
• 
.. 
. -
, 
Table 1.2 Typical properties of reactively 
sputtered SiNx film at 300°K 
Density (g/cm3) 2. a· - 3. O 
Refractive index 2 - 2.1 
Dielectric constant 6.2 - 6.8 
Etch rate (HF) A/min 750 
Thermal expansion coefficient 2.22E6 
( oc-1) 
Young's modulus (dynes/cm2) 
Passion's ratio 
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Fig 1.5 relationships between intrinsic stress 
, Si/N ratio, and hydrogen content for reactively 
rf sputtered SiNx. [20] 
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1.3 Silicon Implantation·on GaAs 
Ion implantation is now a well-developed technique for· 
fabricating GaAs digital IC, microwave IC, and MMIC. However, 
there are at least two features which are different from 
implantation in Silicon. The most critical problem is the 
dissociation of GaAs at elevated temperatures during post 
-
implantation annealing, since most furnace annealing 
temperatures for ion-implanted GaAs are above 600°C. The 
other difference between ion-implanted GaAs and Si is that 
the electron mobility (- 4500 cm2v- 1s- 1) in GaAs is much higher 
than hole mobility ( - 250 cm2v- 1s- 1 ) • Thus, high-speed majority 
carrier devices use n-type active layers. For this reason, 
n-type implantation is of particular interest for device 
fabrication, such as plaDar depletion mode MESFET, enhanced 
mode FET, high electromobility transistor (HEMT), and 
heterojunction bipolar transistor (HJBT). These four GaAs 
device types are illustrated in Fig 1.6 for reference. [23] 
In general, n-type doping of GaAs by implantation can 
be divided into two ranges: low-dose region ( 1017 cm- 3 ) and 
high-dose • region As described above, • ion 
implanted GaAs samples need to be annealed at elevated 
temperature (i.e, 800 - 900°C) to activate the implanted 
impurities and recover from the radiation damage generated by 
,f. ' 
ion bombardment. To avoid the dissociat .. ion of GaAs, different 
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encapsulant have been suggested to protect.the GaAs surface. 
Silicon nitride is one o'f the most widely accepted material . 
No • arsenic or Ga out-diffusion • 1S found during 
annealing from the literature. (24-27] 
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Fig 1.6 GaAs device structures for digital 
integrated circuits. [23] 
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The doping efficiency of direct implantation of n-type 
impurities is found to be a function of substrate orientation, 
dopant, dose, and annealing temperature. In general, low dose 
implant can achieve higher electrical activation efficiency, 
while higher implant dose results • in a lower activation 
efficiency ( the activation efficiency usually is defined as 
the percentage of sheet carrier concentra·tion of the activated 
layer divided by implanted dose). The implant can also be 
performed indirectly through nitride, so that the silicon 
nitride not only keeps the wafer surface clean during the 
subsequent fabrication process but also minimizes channeling. 
[28] One possible disadvantage of this through implant is 
knock-on, ,in which collision between the implanted species and 
the nitride drives the nitride atoms into the GaAs Substrate. 
[1,29] 
It is well known that both group IV and VI elements can 
be chosen as n-type dopant for GaAS. Group VI elements occupy 
As sites, while group IV elements are amphoteric in nature, 
and can rest on either Ga or As lattice sites. Usually they 
occupy the Ga sites to form stable n-type active layers. For 
device application, it is desired to keep reproducible carrier 
profiles under optimum_annealing condition. - Silicon implanted 
layers have received considerable attention by taking 
advantage of its low d~ffusivity in GaAs and a small degree 
of radiation-enhanced diffusion. [30] Due to these facts it 
I' 
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is possible to obtain a shallow implant junction with desired 
carrier concentration distribution. Unlike the other group 
VI elements, Si implantation does not show a strong dependance 
on implantation temperature. [31] All these properties make 
Si implant a nearly ideal n-type dopant in GaAs application. 
A number of publications have appeared in the literature 
that deal with direct silicon implantation into GaAs. [22] 
However, very few efforts were reported on the Si implant 
through silicon nitride [28,29,32,33], especially on implants 
through reactively rf sputtered SiNx. The purpose of this 
work thus is devoted to studying ·this technique and the 
effects of stress on its activation kinetics. 
,f 
1.4 Plastic Deformation and Dislocation of GaAs 
1.4.1 Dislocation Structure 
In the zincblende structure, active dislocations are slip 
along the {111} planes with the Burgers vector of a/2<110>. 
Glide dislocations lying along <110> directions are either 
screw or 60° dislocations. There are two sets of 60° 
dislocations. The first model was originally proposed by 
Hornstra [36] and termed shuffle set by Hirth & Lathe [35] • 
. The second one is glide set suggested by the same authors. 
[ 3 5] The schematic pictures of shuffle set and glide set 
··• 
14 
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dislocations in GaAs are illustrated in Fig 1.7(a) and (b). 
screw 
( a ) 
screw 
( b ) 
Fig 1.7 Schematic pictures of (a) the shuffle set 60° 
dislocation and screw dislocation (b) glide set 
dislocation of 60° and screw dislocations. [3] 
; ' 
With the aid of Fig 1.8, a shuffle set is generated by 
removing an extra half atomic plane, breaking the bondin_g by 
the surface of 1-2-3-4, and rejoining these two surfaces. One 
15 
., 
• 
dangling bond is created· on the edge of this half plane. This 
leads to a dislocations or B dislocations depending on whether 
Ga atoms or As atoms occupied. On the other hand, a glide set 
is created by removing the half extra atomic plane, cutting 
the bonding along 1-5-6-4 surface, and rejoining these two 
surfaces. On surface 5-6 each atom has one dangling bond. 
This configuration was termed 60° dislocation glide set. 
--[ 112] 
.. 
1 l 14 B ~~4 '?+............_ ~ 9'+~ a I + + 
\ I l I I 
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-1' + ----...... /,,, C 
~+-...._~ I ~ ~+~ + b I 2~- -~3 I I 
9 ~L+:,, J6 ~+-......~ + B '? ~+ a 
\ l I 
+. 1,,+-......¥ ?-t- A ;j' -......+/,,, C 
I I 
Fig 1.8 A diamond·cubic lattice projected normal 
to (110). O represents atoms in the plane of the 
paper and + represents atoms in the plane below. 
(111) is perpendicular to the plane of the paper and 
appears as a horizontal trace. [35] 
Both the shuffle set and glide set 60° dislocations are 
glissile in nature, they can be dissociated into partial 
dislocations to reduce the misfit energy and undergo an 
elastic relaxation probably involving bond rearrangement.· 
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1. 4. 2. ,, The Asymmetric Deformation of GaAs Single ·Crystal 
It is generally thought that the Peierl's potential of 
GaAs is lower than that in a silicon crystal owing to the 
smaller strength of covalent bonding. This means that the 
plastic deformati~n temperature of GaAs is lower than that of 
Silicon. The asymmetry of the crystal structure of GaAs leads 
to the two different types of 60° dislocations, a and B type, 
~ as shown in Fig 1.9 (34] 
. .. 
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(111] • 
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(Iii) 
• 4. V 
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. 
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-· 
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. . 
...-:::,, . y 
( b J 
Fig 1.9 Motion of a and B dislocation during (a) 
~ a bending and (b) B bending about a [110] axis. 
The solid lines denote {111} slip planes involved, 
and the neutral plane is given by the dotted line. 
the arrows on the extensions of the slip planes indicate 
the nature of the tensile stresses present and how they 
are resolved into shear stresses on the_ slip planes. [34] 
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.~ 
17 
\ 
' 
I 
- -- . -
- -- -- - ··-·. - - ·------ --- -- . -/' i - • - -
- This configuration is favorable for the introducing of 
60° dislocations running parallel to the (110] bending axis. 
The 60° dislocation is so called because its burgers vector is 
inclined at an angle of 60° to the dislocation axis. Fig 1.10 
shows a schematic bending orientation about the (110] axis. 
[4] The bend axis is so chosen that each 60° dislocation, a 
and B dislocation, involved in the { 111} slip plane has 
Burgers vector b = a/2<110>. Both active {111} slip planes 
are symmetrically arranged and are close to the 45° position 
of maximum resolved shear stress. (1] 
SLIP SLIP [001] -~LANE ( 111) -( 11 I) PL AN E 
[i to] 
D ,o J 
NEUTRAL PLANE 
(110] BEND AXJS 
.--...- BURGERS VECTOR 
• 
.,,.__.~~ <110> DISLOCATION 
-PLAN VJEW OF (111) SLIP PLANE 
Fig 1.10 Orientation of samples subjected to four 
point bending about (110] axis. [4] 
• 
The shear stress along the <110> bending axis ~ill be 
further discussed in the section 2.1. However, it is-worbh 
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note that during a and B bending, the stresses on these two 
types of dislocations are identical and the mobility of a 
dislocation is larger than B dislocation in the Si-doped 
( 1018cm-3 ) GaAs at 500°C using three point bending method. [ 34] 
The velocity of screw dislocations seems to be close to that 
of B dislocations as displayed in Fig 1.11. [3] 
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Fig 1.11 Dislocation velocities under 10 MN/m2 
shear stress in nondoped GaAs and Silicon as a nearly 
linear function of 1/T. Suffixes 1, 2, 3, and 4 are the 
data taken from different references. [3] 
1.4.3 Impurity Effect on Dislocation 
Experimentally measured results have shown that plastic 
deformation is generated from dislocation motion in a diamond 
/ 
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lattice structure such as Si or GaAs. [37, 7] Impurities scuch 
as Si has been reported to be effective in reducing the 
mobility of dislocation and to form a Lamer-Cottrell lock. 
[34] -The most probable explanation for this reduced 
dislocation activity at elevated temperature under stress is 
a locking mechanism. Accordingly, the interaction between 
dislocation and impurities within the dislocation atmospheres 
makes it more difficult to propagate and a higher stress is 
required to advance the dislocation movement. In GaAs 
compounds, dislocatiqn atmospheres are affected by the 
dangling bonds of lattice defects and their interaction with 
impurities, piezoelectrically induced polarization changes 
around the dislocations, and the actual structure of the 
dislocation cores. ~l though all these arguments are still not 
clearly defined at present, it is obvious that the dislocation 
atmosphere of a type and B type dislocation is different. 
Thus, for a first approximation we might predict the silicon 
doped n-type GaAs annealing behavior under dynamic recovery 
conditions will be different. 
,_ . 
·" "·-~-
The basic effect of high temperature recovery is the 
movement of dislocation resulting from plastic deformation 
into subgrain and/or cell boundaries. In many cases, this 
process actually starts during plastic deformation in metals. 
When this happens, the material is said to undergo dynamic 
,, 
recovery. (38] The tendency of forming disl·ocation cell 
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structures and different types of dislocations, and their 
influences on the electrical properties of undoped or doped 
GaAs have been studied recently. [ 39-45] Again, this is still 
an area open for further research and no solid agreement have 
been set. 
It seems that the movement of dislocations from their 
slip planes into cell walls lowers the average strain energy 
associated with the dislocations. This is probably because 
the dislocation have absorbed impurities and/or impurity-point 
complexes around the dislocation atmosphere and have improved 
the purity and perfection of surrounding regions. Actually, 
the sheet carrier concentration was found higher in the 
neighborhood of the dislocation core than in the far regions 
and forms a W shape distribution around the dislocation. [46-, 
54] 
21 I 
II. EXPERIMENTAL 
2.1 Specimen Preparation 
J Fig 2. 1 illustrates the experimental procedure used in this 
work. To study the effects of stress of silicon implanted 
through reactively rf sputtered SiNx on GaAs, 3" undoped LEC 
semi-insulating <100> GaAs wafers with the resistivity> El7 
n-cm, dislocation density< 5E5 cm· 2 , and thickness - 500 µm 
were used. Before rf sputtering deposition, the wafers were 
chemically cleaned using H2S04 :H20 2 :H20 solution in a 5:1:1 
ratio by volume. SiNx thin films were deposited at near room 
temperature using a pure silicon-target and Ar and nitrogen 
flow rates of 30 seem respectively. A rf power of 13.65 Mhz, 
1000 watts and vacuum pressure 5E-7 torr was used. The 
approximate deposition rate was 40 A/sec. The final thickness 
of SiNx film is 1000 A. SiNx films were characterized by 
Auger Electron Spectroscopy (AES) analysis. Room temperature, 
implantation was carried out at different energies (150 kev 
and 180 kev) with doses fro~ 2.7E12 to 3.1E13 cm- 2 through the 
rf sputtered SiNx film. The incident beam was directed 7° off 
the <100> crystal • axis. After implantation, strips of size 
35 mm X 6 mm X ~00 µm were cut from symmetric locations of the · 
wafer in the <110> direction. One set of specimens were 
subjected to-one-step stressed anneal with control samples at 
the sam~ test condition but without applied stress. The other 
22 
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set of specimens were first annealed to remove the radiation 
damage caused by implantation and activate most of the dopant 
and then followed by the secondary stressed annealing. All 
the annealing was done at 800 °c for 30 min. in 4 % hydrogen 
forming gas ambient. The Polaron electrochemical c-v 
measurement was applied to investigate the 
I 
carrier 
concentration depth profiles. The Hall mobilities were 
obtained with the aid of clover shape van der Pauw mesa 
pattern described in the following section. The ohmic 
contacts for Hall mobility measurement were formed by alloying 
In/Hg in a rapid thermal annealing system at 420 °c in pure 
hydrogen for 160 sec. The SiNx films were checked by AES as 
implanted and after stressed anneal~ In order to delineate 
the knock on effect of Si implant thru SiNx onto GaAs, 
Secondary Ion Mass Spectrometry (SIMS) was performed to 
qualitatively monitor the recoil silicon isotopes and nitride. 
The purpose of selection 29Si+ as dopant is to avoid the cross 
contamination from nitrogen (N2+), 28si+ and silicon nitride 
ions. As described above, the 7° off angle incident beam and 
implant thru SiNx 0 I I can m1n1m1ze the ion-channeling effect, 
reduce radiation damage, and obtain a shallow • carrier 
distribution. 
The four point stress bending on the GaAs thin strips was 
conducted on the (100) surface along <110> direction. This 
•' 
configuration makes it possible to compare some experimental 
23 
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data with the earlier work reported by Booyens, et al. [34] 
' 
l.kldoped LEC 
SI-GaAs 
GaAs 
GaAs 
-, 
Reactively rf 
sputtered SiNx • 
Si i"1)1ant ttTu 
SiNx into GaAs 
Two-Step 
Stressed Amee.I One-Step 
Stressed Ameal 
AES / SIMS 
Activation Ameal 
Secondary 
Stressed Ameal 
Electrochemical 
C-V MeaSt.rement 
,, 
Hall MeaS1..rement 
Fig 2.1 Specimen preparation and test arrangement for 
silicon implant thru reactively rf sputtered SiNx 
encapsuled LEC SI-GaAs. 
' 
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2. 2 Stress Analysis of Four Point Bending on SiNx-coated GaAs 
In order to achieve a stress· state ·comparable to lateral 
tensile status, a four point pure bending idea is adapted from 
Crandall et al. , [ 55] . Fig 2. 2 (a) shows a slender beam 
subjected to a. constant external loading. A symmetrical 
loading W at locations A and D • 1S applied on the two 
supporting points at Band C. Pure bending occurs with no 
shear fore component. At static equilibrium, force and moment 
equilibrium are also established. 
w 
I Ll I 
y 
® © 
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(c) 
Fig 2.2 (a) The loading condition of a four point 
bending test. (b) and (c) Free body diagrams 
for analyzing bending moment distribution. [55] 
From force equilibrium L Fy = o and moment equilibrium 
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t Mb= o, a 1bending moment distribution for a slender beam can 
be obtained as illustrated in Fig 2.3 [55], between loading 
and supporting point a constant moment exists. 
Mb 
l/2(ll-L2) - 1 ---L2---
' I 
X 
,- l/2(ll-l2) 
Fig 2.3 The bending moment distribution for a 
beam under four point bending (55] 
The above explanation is under the condition of static 
equilibrium. For convenience, we assume symmetric deformation 
of the slender beam still under pure bending condition 
al though this is not al ways the case. After a detailed 
geometrical analysis, we may obtain the complete solution of 
stress and strain in the lateral direction (i.e, x direction 
., . 
in this notation). For the sake of simplicity, the strain 
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in y and z direction are not taking into account. Eq. 2.1 
and Eq 2.2 are the two basic stress-strain equations 
satisfying the elastic field condition. 
where, 
€x: lateral strain in x direction 
ax: lateral stress in x direction 
E: Young's modulus 
Mb : moment 
(Eq 2.1) 
(Eq 2. 2) 
y: the distance from neutral axis for slender beam 
y = h/2 ( h: thickness of the beam) 
Iw: moment of inertia of the cross section of the 
crystal ( Iw = a h3 / 12 for slender beam) 
The stress distribution in the SiNx-coated GaAs does not 
only result from external applied stress, a ext, • as in pure 
bending, but also from the intrinsic stress, a int, and the 
thermal expansion mismatch stress, ath. 
The total isotropic stress in the GaAs strip is given as, 
a total 
.. 
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The difference in thermal expansion coefficients between 
SiNx and GaAs results in the ath as follow, 
( 1) • a th calculation : 
( f th) SiN - ~T X asiN (Eq 2.5) 
( f th) GaAs = AT X aGaAs (Eq 2. 6) 
~ 
in equilibrium, 
as i N X a X f s i N X 2 + a GaAs X a X f GaAs - 0 (Eq 2. 7) 
this leads to the following equation in this study case, 
( see appendix A for detail) 
- 2500 aGaAs (Eq 2.8) 
where, ( €th) siN : strain caused by SiNx thin film 
due to thermal expansion 
( €th) GaAs : strain caused by GaAs thermal expansion 
~T: temperature difference 
asiN, aGaAs : thermal expansion coefficient of SiNx 
~ and GaAs, respectively 
asiN, aGaAs : stress caused by thermal expansion 
fsiN, fGaAs : thickness of SiNx and GaAs 
28 
\ Furthermore, if we assume Young's modulus (E) • 1S 
independent of temperature ( this might create some errors· 
however no available data at this moment). The final strain 
for SiNx and GaAs can be explained as: 
€siN - (€th) SiN + asiN / EsiN ( Eq 2 • 9) 
€ GaAs - (€th) GaAs + a GaAs /EGaAs (Eq2.10) 
from compatibility consideration, 
(Eq2.11) 
By combining Eq 2. 8 and Eq 2 .11, asiN and aGaAs can be 
solved. 
( 2) a int 
aint can be obtained from Fig 1. 5 if the stoichiometry 
Si/N ratio is known. Again, for convenience it is assumed 
that the intrinsic stress of SiNx 
temperature. 
( 3) Gext 
.. 
29 
I 
15 independent of 
'' 
I ·' 
- .. 
The external applied stress is illustrated in Fig _2.2, 
as loading W, and obtained by iq 2.2. 
The final total stresses on a SiNx doubly-coated GaAs 
0 
strip are described by 
( ) top a GaAs total 
(Eq 2.12) 
( ) bottom a GaAS total ( ) 
bottom ( a GaAs) int + ( a GaAs) th + a GaAs ext 
(Eq 2.13) 
h ( ) top d ( ) bottom f t th t 1 1 . w ere aGaAs ext an aGaAs ext re ers o e ex erna app 1ed 
stress on the top. and bottom of the slender beam. They are 
of equal amount but of opposite • sign. By conventional 
0 
notation the value is negative for compressive stress and 
positive for tensile stress. The same argument is also 
suitable for final stress status of SiNx thin film on GaAs. 
Table 2. 1 list the stress distribution of the SiNx 
-doubly-coated GaAs strip as the loading condition gradually 
varied from zero to l.18E5 dynes/cm2 • Detailed calculation is 
given in appendix A. [57] Fig 2.4 shows the schematic drawing 
of stress distribution corresponding to Table 2.1. The four 
point quartz bending jig is the one previously used in stress 
interaction on dopant diffusion study in silicon as sketched 
in Fig 2.5. [58] 
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Table 2 .1 Calculated stress distribution in GaAs of SiNx 
doubly-coated GaAs test strip ( 35mm X 6mm X 500 µm ). 
SiNx thickness: 1000 A. 
* No. loading 
(gm) (gm) 
0 
40 
50 
60 
70 
80 
0 
21.53 
27.18 
32.2 
42.29 
( GGaAs) ext ( ) 
top 
a GaAs total ( ) bottom a GaAs total 
(dynes/cm2) 
0 -7.0E4 
±6.03E4' "I -9.72E3 
+7.61E4 
±9.02E4 
+1.04E5 
+1.18E5 
+6.1E3 
+2.02E4 
+3.4E4 
+4 •. 84E4 
-7.0E4 
-l.3E5 
-l.46E5 
-1.6E5 
-1.74E5 
-l.88E5 
* : the designated amount of loading quartz. The actual 
loading in column two ·(2) is obtained by electrical 
balance and indicated in Fig2.2 as w. 
Combining Fig 1. 10 and · Eq 2. 4, the critical resolved 
shear stress necessary to activate the dislocation slip along 
the {111} plane in <110> direction can be derived as Eq 2.3 
[4] by the aid of Schmid's law (56]. 
Ta= ( J2/3) * Gtotal (Eq 2.3) 
.. 
where r a is the critical resolved shear stress to move 
disloc);ion. 
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Fig 2. 4 Schematic illustration of the stress distribution 
in SiNx-coated GaAs under four point bending stressed _ 
annealing. ( SiNx thickness 1000 A, specimen size 35mm 
x 6mm x 500 µm, T'emp. 800 °c ) 
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2.3 Electrical Carrier Concentration Measurement Using 
Electrochemical Capacitance-Voltage Method 
Basically, the electrochemical C-V method is very much 
the same as the analysis of traditional Capacitance-Voltage 
behavior of depletion region for a reverse-biased Schottky 
barrier. A Schottky barrier results when a metal is placed 
in intimate contact with a semiconductor such as GaAs. 
(a) 
(b) 
Reverse 
BREAKDOWN 
SCHOITk1~ CONTA 
I 
Forw2_re 
BREAKDOWN 
~ 
V 
V 
DEPLETION ZONE 
••••••e••••-••-•••• •••••••••••---•••••••••••••••••-••••••••••••• f \! :>, 0 
• • V = 0 
- . 
~---------------~------------------------·-----------------------! ............ \' <: 0 
GaAs 
• 
Fig 2. 6 ( a) ·current-Voltage ( IV) characteristic of 
Schottky diode (b) Depletion region under a Schottky 
diode form on n-type GaAs. [l] 
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It has the electrical characteristics of a diode as shown 
in Fig 2.6(a). The characteristics of ideal Schottky devices 
ar~ well established in terms of barrier height and the 
... 
equivalent capacitance of the space charge • region 
C 
( or 
depletion zone). In analogy with PN junction, by neglecting 
the edge effect and assuming the boundary between the 
depletion region and undepletion region is sharply defined, 
the differential capacitance of a Schottky barrier junction 
with parallel configuration as in Fig 2.6 [1] is given by, 
C = A J{ q €s N / 2 ( vbi - v ) } 
X - € 5 A / C 
N = 1/qe5A { c3 / ( dc/dv) } 
where, 
C: capacitance 
q: electron charge 
.. 
(Eq 2.14) 
(Eq 2.15) 
(Eq 2.16) 
€ 5 : permittivity of semiconductor 
N: electrical carrier concentration 
Vbi : built-in voltage 
V: applied voltage 
X: depletion depth 
• ·'s. , .• 
, ' . 
From Eqs. 2.14 and 2.15 it is seen that the depletion 
depth decreases with increasing doping level, N. This results 
in the breakdown of the diode, hence, the maximum depth which 
'· 
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can be profiled is limited by the onset of electrical 
breakdown. This relation can be overcome by chemically 
stripping the surface stepwise and measuring the carriers by 
Hall effect or Mercury probe. However, this is very time 
consuming and tedious. A new apparatus was proposed by 
Ambridge and Faktor in 1975. [59] The technique they used 
combining steps of electrochemical etch followed by in situ 
measurement of active dopant concentration using electrolyte 
instead of metal for Schottky-like contact and using the same 
c-v principles. The liquid electrolyte acts as both Schottky 
contact for the C-V measurement and the medium for the 
electrolysis of the sample. The disadvantages of 
electrochemical C-V profiling are that of the non uniform etch 
crater, Debye length, and difficulties to measure and control 
the contact areas between electrolyte and sample. 
The basic operation principle of electrochemical c-v 
analysis is shown in Fig 2. 7. [ 10] During the analysis, 
specimen is held against sealing ring , which · defines the 
contact area, by a spring-loaded back plunger. Etching and 
measuring conditions are controlled by the potential across 
the carbon electrode (cathode) and I specimen ( anode) . 
Saturation KCl Calomel Electrode (SCE) is used as reference 
electrode to maintain the required overpotential for anodic 
,, 
oxidation. The electrolyte solution provides the Schottky 
contact connected through Platinum ~sin Fig 2.7. 
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Fig 2.7 Electrochemical c-v cell. [10] 
The measured voltage is that of the semiconductor ohmic 
contact with respect to the reference electrode so a positive 
anodic potential corresponds to a reverse bias across the 
depletion region. [61] For semi-insulating GaAs sample, a 
front ohmic contact is made by alloying In/Hg on the implanted 
surface. This 6mm X 6mm square shape specimen was cut from 
the center zone of test strip (35mm X 6mm X 500 µm) to avoid 
any possible edge effect from four point bending. For an-
type material using short-wavelength illumination ( - 5-50 nm) 
a good uniform etch as well as a high etching rate can be 
" 
... 
36 
.. 
achieved. The illumination of sample will generated excess 
hole-electron pairs to speed up the etching rate. 
The depth into the specimen consists of two parts 
(Eq 2.17) 
where Wd is the depletion depth due to the revered bias 
and is obtained from Eq 2. 15. Wr is the physical depth 
removed by electrochemical etching, and is given by Faraday's 
law 
Wr = M Q / Z F D A (Eq 2.18) 
. . .. 
where, 
' . 
Q: integrated charge ( Q = f I dt) 
I: current 
t: time 
Z : number of holes transfer per anodic oxidation 
( 6 for GaAs) 
F: Faraday's constant 
D: density of the semiconductor material 
( 5.23 g/cm3 for GaAs) 
A: sealing ring contact area 
In this research, elect~ochemical c-v measurements were 
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done by using Polaron profile . plotter ( PN 4200, Biorad 
Semiconductor Measurement system). The electrolyte solution 
• 1S O.lM • T1ron { 1,2-Dihydroxyben-3,5-D~sulphornic Acid, 
was used to reduce the series resistance during analysis. 
However, error always exists due to the difficulty of exactly 
.. 
defining the contact area, and the outer excess area due to 
the leakage of electrolyte. Fig 2-8 (a) and (b) show, • in 
electrochemical viewpoint, the typical I-V and C-V profiles 
of Si-implanted LEC SI-GaAs. 
2.4 Hall Mobility Measurement 
• Specimen with size 6mm x 6mm was taken from the center· 
zone of the test. strip ( 35mm X 6mm X 500 µm). After SiNx 
was removed by HF, the surface of specimen was coated with 
black wax at 120 °c. A physical ceramic mask was employed to 
create the clover shape mesa structure as described in Fig 
2.9. The uncovered black wax areas were washed away using 
Tricholo-ethylene (TEC} and Acetone. 
of 3:1:10 was used to etch these unprotected areas. 
Consequently, the mesa structure was farmed in the clover 
shape as defined by the ceramic mask. Ohmic contacts were 
then made by alloying In/Hg at 420 °c in hydrogen ambient at 
the four corners. Room temperature Hall mobility was measured 
using the setup described elsewhere. [62] 
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6 Illlll 
Fig 2.9 Designed clover shape ceramic mask 
for Hall mobility measurement. 
2.5 Chemical Analysis 
2.5.1 Auger Electron Spectroscopy (AES) 
The technique of AES is based on the inelastic scattering 
I 
of energetic electron ( 2 - 10 Kev) interaction with a solid 
and cause the emission of X-rays and Auger electrons. Fig 
2.10 shows the process of inner-shell ionization process and 
subsequent deexci tat ion by Auger electron or X-ray photon 
emission. (63] The ejected Auger electron has an energy which 
is characteristic of the atom. Most Auger electron energies 
are between 20 - 2000 ev. 
40"'•· 
INCIDENT• 
ELECTRON 
t 
I 
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, . 
PHOTON 
INTERNALLY 
CONVERTED 
ANO AUGER 
ELECTRON 
EMlfTED 
' ' 
\ 
-• EJECTED ORBITAL 
-- ELECTRON 
'o SCATTERED PRIMARY 
ELECTRON 
ELECTRON RELAXATION 
ANO PHOTON 
GENERATION 
\ ~ X-RAY FHOrON ~ EMITTED 
;Fig 2.10 Schematic illustration of the process of inner 
shell ionization and subsequent deexcitation by either 
Auger electron emission or X-rays photon emission. [63] 
. . . 
Fig 2. 11 Typical AES surface scan spectrum of SiNx 
encapsuled GaAs at the interface region of SiNx/GaAs. 
Elements are indicated at their major energy peak. 
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The escape depth of Auger electrons is quite shallow, 
usually less than 50 A for insulators. This makes AES a good 
device for surface study. In order to enhance the Auger 
electron signal to background noise, spectrum are generally 
presented in the differential mode dN(E) / dE. Fig 2.11 shows 
a typical surface scanning AES spectrum of SiNx-coated GaAs 
.... 
-· 
at the interface region. 
To obtain the depth profile, an Ar+ ion beam is used to 
sputter the solid surface stepwise. During each step a 
surface scan signal is taken and each major d N(E) / dE peak 
to peak height is counted. This amplitude can be converted 
into relative intensity by dividing a relative Auger electron 
yield factor. The major advantage of AES is its capability 
to provide surface information and good lateral resolution. 
However, the detection limit of AES does not compare with 
SIMS. The detection limit of oxygen in silicon nitride is 
very low about 0.1 atomic % (a/o). 
detection limit is around 0.5 (a/o). 
For Ga in GaAs the 
The relative Auger 
sensitivities of the elements related to this work is listed 
in Table 2.2. 
Table 2.3 lists the typical AES system operating 
parameters in this work for analyzing the quality of rf 
sputtered SiNx. 
OJ 
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Table 2.2 Relative sensitivity of selected elements.[65] 
Element 
N 
0 
Ga 
As 
Si 
• maJor Auger 
electron energy 
381 ev 
510 ev 
1070 ev 
1228 ev 
1619 ev 
relative sensitivity 
0.2 
0.4 
0.16 
0 .12 
0.04 
Table 2.3 Typical operating parameters of A~S 
used for depth profiling. 
Electron Beam voltage 
Electron Beam Current 
5 KV 
8.2 nA 
Electron Beam Current ( with raster) 6. 3 nA 
Ar+ ion Beam Current 
Operating pressure 
Raster 
Beam Size 
2.5 µA 
10-7 - 10-8 torr 
1.5 X 1.5 nun 
- 500 A 
- ~ ·- -~ . ' • 4\ ~ 
Sample ·size 25 X 6 nun 
" 
' , I 
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2.5.2 Secondary Ion Mass Spectrometry (SIMS) 
In the SIMS method, an energetic beam of focused ions 
(i.e, Ar+, o2+, Cs+ etc.) is directed in an optimum incident 
angle at the sample surface to sputter off the material in 
atomic or molecular forms. The sputtered ions are extracted 
., 
and mass analyzed with a magnetic • prism or quadrapole 
analyzer. Fig 2.12 displays a schematic diagram of the SIMS 
system. [ 65] 
Sample 
0 0 8. 0~ Energy O Sq X[J'-' 0 filter 030 o0 e~pe 
Primary 00 Oo 0 
ions oo oe Oo 0 C:o0 Sputtered Mass 
Outputs 
Spectra (Secondary ion intensity 
versus mess-to-charge ratio) 
~ species 
o0o 
Depth profile (Secondary ion 
intensity versus depth) 
Fig 2.12 
of SIMS. 
Image (Secondary ion intensity 
ver,us lateral position) 
Schematic representation of the principles 
[65] 
The bombardment of a solid surface with an energetic ion 
•., 
beam can cause the momentum transfer leading to the surface 
atoms ejection from the solid·. These ejected atoms contain 
44 
only a small amount of either positively or negatively charge 
ions. The escape depth of secondary ions produced by this way 
is only - 5 A as depicted in Fig 2.13. (66] The primary ion 
undergoes a continuous energy loss due to momentum transfer, 
and the electronic excitation of target atom. Thus, the 
primary ion eventually penetrates into the solid tens to 
hundreds of Angstroms below the surface. [65] It is obvious 
that the interaction between energetic primary ion and solid 
results in sputtering as well as implantation related effects. 
This sometimes causes the critical problems during 
• 
microanalysis. 
Vacuum 
~-- --
~ 4 
' I 
, 
// 
,,.. In formation ::::: sA 
depth 
/Penetration 
(Excitation) 
depth 
----
~100A 
Impf anted primary particle 
Fig 2.13 The physical effect of primary particle 
ion bombardment. [66] 
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The energy of the primary ion is usually in the range of 
5 - 15 kev. In order to maximize the sensitivity , cs• 
primary ion beams are generally useful for producing high 
negative ion yields of electronegative elements, 
primary ion beams are so used to improve the positive 
secondary ion yields of electropositiv~ elements. [67] 
" 
In this~ork, SIMS profiles were done by using an Atomika 
3000-30 ion probe with 15 Kev 200 nA 0 2+ beam rastered over 
0.5 mm at normal incidence to the sample. [68] 
' 
;. 
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\ III. RESULTS AND DISCUSSION 
. 
3.1 Properties of Reactively rf Sputtered SiNx 
The SiNx preparation has been discussed in section 1.2 . 
... 
The quality of SiNx was checked by ellipsometry with the 
following conditions: 
Wavelength (A) 
Incidence angle 
Extinction coefficient 
GaAs substrate refractive index 
Typical results are given below, 
Deposition rate (A/sec) 
Thickness (A) 
Refractive index (SiNx) 
Etch rate (HF) A/sec 
Si/N ratio 
Intrinsic stress (dynes/cm2) 
',. 
6328 
70° 
0.282 
3.818 
40 
1000 
- 2.0 
2.0 - 2.4 
-4.1E9 [20] 
.. No visible defects were found with conventional optical 
microscope. The stoichiometry Si/N ratio was obtained from 
AES analysis before and after stressed annealing as shown in 
Figs 3.1, 3.2, 3.3, and 3.4. It is known that the variability 
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Fi~ 3.1 AES profiles of nitride-capped as-implanted GaAs. (180 kev, 3.1El3 
c1n- , 29si+ implant thru 1000 A SiNx into GaAs) 
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of the Si/N ratio is the nature of rf sputtering deposition 
process. From the AES spectrum, it is worth noticing that the 
oxygen content at the surface is due to the surface oxidation 
of nitride at room temperature. A native oxide always exist 
( - 20 A ) at the SiNx/GaAs interface region even after 
chemical cleaning prior to SiNx deposition. No Ga out-
diffusion or As escaping was found within the AES detection 
limit. The intrinsic stress was estimated from Fig 1.5. [20] 
The detailed mechanism for this intrinsic misfit stress is 
still not clear at present. In general, this intrinsic stress 
is calculated from the final film stress minus external stress 
and the thermal mismatch stress using Eq 2.4. 
' . 
3.2 Silicon Implantation Through rf Sputtered SiNx into GaAs 
·As described in section 1.3, indirect Si implantation 
has advantages such as: protecting the device integrity during 
subsequent fabrication processes, reducing ion channeling 
effects due to ion bombardment, minimizing radiation damage 
on GaAs substrate, and forming a shallow junction. In this 
I 29 I + I 1 0 
- experiment, S1 ion was se ected as dopant to avoid any 
possible cross contamination of N2 +, 28Si +, and SiN ions within 
implantation gas source. The implants were done through 1000 
A SiNx at the following energy and dose ranges: 
. ~. 
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High Dose: 180 Kev 3.1El3 cm-2 
150 Kev 3.1E13 cm-2 
Low Dose • 150 Kev 2.7E12 cm-2 • 
Fig 3. 5 shows a typical relationship of sheet 
Resistivity, implantation dose, and carrier concentration for 
high dose 29Si+ implant through 1000 A SiNx-capped LEC SI-GaAs 
-after 850 °c, 30 min. furnace annealing without externally 
a.pplied stress. 
The sheet resistivity ( or Hall mobility) decreases with 
increasing implant dose which agree well with the direct 
silicon implantation on GaAs. [70] The activation efficiency 
of low dose, however, is found to be higher than the direct 
implantation case. Fig 3. 6 represents a low dose implant 
profile • carrier The steepening of ( 150 kev, 
profile is very similar to that reported by Mailer et al. 
, 
[71], and is believed to be due to the compensation by residue 
impurity acceptors (> 1El6 cm-3 ) within the substrate. The 
peak carrier concentration is higher than the LSS prediction 
[72] (dashed line in Fig 3.6) or direct implantation of Si on 
GaAs using SiNx as annealing encapsulant. For comparison, 
Table 3.1 lists two sets of values used for Si implantation 
simulation.· [72, 73 J Note that in LSS calculation the stopping 
power of SiNx i~ assumed as that of GaAs. 
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Table 3.1 Comparison of LSS [72] and Pearson [73] 
prediction for silicon implant thru 1000 A SiNx -
coated GaAs. 
Energy 
(kev) 
150 
150 
180 
Dose 
3.1El3 
2.7E12 
3.1El3 
A further study 
Xpeak (µm) 
LSS Pearson LSS . Pearson 
0.13 
0.13 
0.16 
0.075 
0.075 
0.11 
• 1s necessary to 
2.0E18 1.51E18 
l.8E17 1.32E17 
l.8E18 1.30E18 
unveil the exact 
kinetics of this higher activation behavior. As a first 
approximation, this might be attributed to the well-known 
knock on effect and/or enhanced diffusion contributed by SiNx 
encapsulation. SIMS analysis results provide a -partial 
evidence of this assumption. Figs. 3.7 and 3.8 are the SIMS 
profiles for 29Si+ implanted thru 1000 A SiNx on GaAs at high 
( 180 kev, 3 .1E13 cm- 2) and low ( 150 kev, 2. 7E12 cm- 2 ) doses, 
respectively. I I 1 t t I 29s 1' + - I f 11 Since imp an a ion ion was care u y 
selecte·a to minimize any possible cross contamination from N2+, 
28Si+, and SiN, it is apparent"that the appearance of .28Si+, 
SiN, and 30si+ in SIMS spectrum are probably coming from rf 
sputtered SiNx. Fig 3.7 and Fig 3.8 are plotted in forms of 
relative intensity (arbitrary unit) vs. Sputtering data points 
(relative crater depth). 
.. ' 
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3.3 One-Step Stressed Anneal 
The\purpose of one-step stressed anneal is to evaluate 
the effects of stress on the activation kinetics of silicon 
implanted through rf sputtered SiNx on GaAs. A four point 
pure bending quartz jig was employed in situ during furnace 
annealing at 800 °c for 30 min·. in 2 1pm 4% H2 in N2 forming 
"gas ambient. A double-wall quartz furnace tube was used to. 
prevent nitride oxidation. After annealing, electrochemical 
c-v measurement was applied to obtain carrier concentration 
. depth profiles and identify the type of carriers (i.e, n- or 
P-type). Hall mobilities were also measured to delineate the 
applied stress effect on these samples .. Fig 3.9 shows the 
concentration with • carrier I I increasing changes trend of 
applied tensile stress for high dose samples. Customarily, 
the term Up/Down is used to mean that samples were subjected 
applied tensile • or compressive en-situ stress during to 
annealing. In this drawing, 1 and 2 represent constant 
loading of 40 and 60 gms, respectively. I2 indicates the 
Pearson simulation data, and Cl is the control sample.· .;It, is 
seen that the carrier concentration profile decreases with 
-increasing applied tensile stress. It is worth noting that 
after increasing the applied tensile stress> 80 gm ( - 4~84E4 
dynes/cm2 , see Table 2.1 for details) in constant loading the 
n-type GaAs was converted into p-type material. This result 
agrees with 'the other works including Otsuki (74], and 
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Skowronski [49]. This was interpreted by Photoluminescence 
study as SiAs- defects [ 52, 53], EPR studies as AsGa · antisite. 
defects [ 46] , and thermodynamics prediction as [SiGa]/ [SiAs] 
ratio < 1.0 [74]. In this study, no attempt was made to 
compare with the above work. In our experiment, below 60 gm 
constant loading no permanent bending curvature was detected 
using a laser optical arrangement described elsewhe~e. [75] 
However above 80 gm c·onstant loading, plast.i{.; dt!fuL·1uation 
confirmed by a visible curvature (radius about 170 cm). The 
longer the annealing time the larger the curvature which 
agrees with the creep phenomenon (i.e, creep strain increases 
with increasing anneal time under plastic deformation). Hall 
mobility measurements also show the same decreasing tendency 
with increasing applied loading. In order to investi·gate the 
effect of implanted species on stressed anneal behavior, a new 
silicon ion source was used. In this run, 28si+ was carefully 
selectively implanted thru SiNx into GaAs. Bo~h high dose and 
low dose implantation had the same trend as that of 29Si+. 
Fig 3.10 and Fig 3.11 illustrate the relationship between Hall 
; 
mobility and applied stress for high dose and low dose cases, 
respectively. 
On the other hand, for those samples under en-situ 
applied compressive stress, the carrier concentration and Hall 
mobility show no significant difference with 
I I increasing 
applled stress (Fig 3.12, Fig 3.10, an~ Fig 3.11). In Fig 
60 
3.12, Cl is the control sample placed face-down during furnace 
anneal without applied stress, I2 represents the Pearson 
simulation data, and 1, 2, 3, indicate the samples subjected 
to constant loading of 40, 60, and 80 gm, respectively. A 
more or less similar situation was observed on the decreasing 
carrier concentration profiles when increasing the load from 
o to 40 gm in both "Up" (fig 3.9) and "Down" (Fig 3.12) cases. 
It is natural to speculate that the situation will have the 
same trend for Hall mobilities. In fact, this was 
experimentally supported in the results of Fig 3 .10, and 3. 11. 
For the high dose case, the mobility slightly increases as 
applied stress increases from Oto 40 gm, and decreases with 
further applied loading and finally become P-type for further 
plastic deformation. However in the compressive mode, the 
carrier concentration and mobility did not change drastically 
in either high or low dose implantation. The above 
observation strongly suggest that the external compressive 
stress does not significantly influence the electrical 
properties of active layer on Si-implanted LEC SI-GaAS. Thus, 
we might conclude that dielectric films with intrinsic 
compressive stress such as reactively rf sputtered SiNx are 
good for digital IC structure. However, Chang et al. [76] 
reported that PECVD SiNx in tensile stress produced by 
reacting NH3 + SiH4 was good for MESFET fabrication with gate 
'~. 
-orientation in [011] direction. 
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decreasing actual mechanism of • carrier the The 
concentration is not well understood at present. If one uses 
the data obtained by Booyens et al. [ 34], the necessary 
activation stres.s, r a, to move dislocations for Si-doped 
(1E18cm-3 ) GaAs is - 2E8 dynes/cm2 at 500 °c for a thin strip 
sample ( 1cm X 0.5 cm X 300 µrn) at a constant strain rate 
9. 62E-5 cm sec- 1 • It is suggested that the constant loading 
. . 
. ' ,, 
' 
---...:l..!.J.....!-- 1-..-.,.-... Ar'\ .-- .1- £ ~~UA .....;:Jw,-.-.-~.--2·\ 
l,;UI1U..LL...l.Ull .JJt:::.J.UW 'tU ljlll \ 0 • VJ.CJ"± U,YlJ.t::~/ ~lll J in this study is 
·within the elastic region. As mention above, no permanent 
curvature was observed. The external applied stress plus the 
stress field created by grown-in dislocations(< 1E5 cm- 2) act 
a~ sinks to trap the silicon dopant, thus reducing the 
possibilities of dopant being activated and occupying the 
lattice sites and as a result reducing the total carrier 
concentration. It has been reported that impurities of n-type 
such as Si in GaAs are thought to be effective in reducing the 
density of· grown-in dislocations of well-annealed GaAs 
crystals. This implies that the dislocations have absorbed 
impurities and/or impurity-point defect complexes from the 
dislocation atmosphere and have improve the purity and perfect 
of such regions. (4] This might cause the reduction of total 
carrier concentration and increased Hall mobility when the 
total stress is still within the elastic region. 
Over the yield strength point (i.e, 40 gm in this work) 
~ 
both carrier concentration and mobility were decreased by 
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subsequently increasing applied stress. In this range, it is 
to be expected that the decreasing mobility is related to the 
degradation of crystalline structure associated with plastic 
deformation. It is well known that the dislocation mobility 
• 1n bending (tensile) is larger than • 1n bending 
(compressive). (34;] During a and f3 bending, the stresses on 
these two types of dislocation are identical, therefore, 
motion of a dislocation • 1n .. .. . oenaing • 1S faster than J3 
dislocation of~ bending. This means that the possibility of 
silicon impurity being caught by dislocation in applied 
tensile stress (a bending) condition is larger than for the 
case of applied compressive stress(~ bending). As a result, 
in Fig 3.9, carrier concentration was observed to decrease 
with increasing bending tensile stress (Up), and finally 
became p~type with further plastic deformation. In contrast, 
in Fig 3.12, the carrier concentration did not change very 
significantly by applying compressive stress (Down). In fact, 
curves 1, 2, and 3 almost overlap. The above relationships 
-
of carrier concentration with applied stress was further 
supported by the Hall measurement results as given in Fig 3.10 
and Fig 3.11 for high dose and low dose, respectively. The 
decreasing • carrier concentration was accompanied by a 
reduction in mobility under applied tensile stress (Up, or a 
bending). Very little influence on carrier concentration or 
mobility was observed under applied compressive stress (Down, 
or~ bending) conditions. The relatively wide scattering of 
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data points in Fig 3.11 is believed due to the difficultt of 
making good ohmic contacts on low 
( implanted dose 2. 7E12cm-2) samples.·\, 
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·J.4 Two-Step Stress Anneal 
It has been shown that the activation of Si-implanted 
GaAs is influenced by the stress from any external sources. 
To further study the effect of stress on the activated n-type 
GaAs, additional efforts have focused on developing empirical 
relationships between two-step stressed anneal and its 
inrluence on electrical properties. First, 29Si + was implanted 
thru 1000 A SiNx into GaAs and followed by the activation 
annealing. Carrier concentration profiles and Hall mobilities 
were measured accordingly. Secondary stressed anneals were 
then initiated as described in section 3.3, along with control 
samples. Again, carrier concentration and Hall mobility were 
checked after stress ~nneal and compared with the control 
samples. 
Figs./"3.13 & 3.14, and Figs. 3.16 & 3.17 show high dose 
( 180 kev, 3. 1E13 cm- 2) carrier concentration depth profiles 
plotted as a function of applied stress. Apparently, there 
are no-measurable differences between tensile a bending (Up) 
and compressive~ bending (Down) stressed-anneal samples. In 
Figs. 3. 13 & ~3. 14 I N represents the sample after post-
implantation anneal and Cl indicates control samples, samples 
4 and 5 were subjected to 40 and 80 gms en-situ constant 
tensile (Up) / compressive (Down) loading during secondary 
stressed anneal, respectively. In Figs. 3.16 & 3.17, the 
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notation are the same as those of tigs. 3.13 & 14 except 1, 
2, and 3 indicate the constant loading of 40, 60, and 80 gms, 
respectively. 
The corresponding Hall mobility measurements are given 
in Fig 3.15. Excellent agreement __ has been found between the 
carrier concentration vs. applied stresses and mobility vs. 
applied stresses, in which the increase of applied stress does 
not apparently affect the electrical properties. However, 
unusual carrier concentration depth profiles were often 
observed when the applied stress was increased up to - 80 gm. 
Stepped profiles were observed with the peaks location 0.5 -
0.7 µm from the SiNx/GaAs interface (as displayed in Figs. 
3.13 and 3.16). This peak only appeared under strong tensile 
bending. After profiling the electrochemical etch craters by 
using Tencer Alpha-step profilorneter, it was determined that. 
only those etch craters with uneven bottoms exhibited peculiar 
carrier depth profiles. Fig 3.18 shows the etch craters' 
profiles corresponding to the samples in Fig 3.13 and Fig 
3.16. Note that the craters with very uneven bottoms were 
stressed annealed under strongly tensile stress as shown in 
Fig 3.18 (c) and (E). The carrier profiles of etch craters 
having relative flat bottoms agreed well with the other work. 
I [60] This apparent increase in carrier concentration near the 
conducting/semi-insulating I region was the result of non-
uniform etching. It ·has also been pointed out by Blood [61] 
' 
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as a result of increasing series resistance. When profiling 
conducting layers on semi-insulating substrate, • series 
resistance increases as the depletion edge approaches this 
conducting/semi-insulating interface region, which causes an 
increase in measured carrier concentration. 
Fig 3 .19 and Fig 3. 20 provide the two-step stressed 
anneal carrier concentration profiles for low dose (150 kev, 
2.6El2 cm- 2) implants under tensile and compressive stresses. 
Again, no significant_ differences were observed. In both 
figures, N represents those samples with post-implantation 
anneal only, Cl is the control samples, and 1, 2, and 3 are 
samples subjected to 40, 60, and 80 gms constant loading, 
respectively. 
Taking into account both high dose and ·low dose implants, 
it might be concluded that within experimental error the 
presence of external applied stress does not influence either 
carrier concentration or Hall mobility. This means that once 
.. 
the dopant was introduced· ~~d activated on the lattice site 
dislocation movement and multiplication was pinned. In fact, 
this has been suggested by Sumino [3] as reported in Fig 3.21, 
where the same marks indicate the data taken from the same 
reference. The decrement of disiocation velocity ( one to 
·three order of magnitude) is remarkabie especially for a and 
screw dislocati·on. The lowering of dislocation mobility 
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(velocity) by n-type dopant • 1n GaAs was interpreted as 
dislocation pinning. It is generally believed that plastic 
deformation of GaAs is controlled by the dislocation process. 
[7] As a first approximation, it might be appropriate to 
argue that due to the pinning effect of dislocations by 
introduction n-type dopant (sue~ as Si) into GaAs, a higher 
stress is needed to break the covalent bonding structure as 
well as move dislocations and dislocation-point defect 
complexes. 
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Fig 3-21 Effects of p-type and n-type impurities on the 
dislocation velocities in GaAs crystals under a shear 
stress of 20 MN/m2 at 30.0 °c. Dopant concentration is 1018 
- 1019 for n and p type, and 1017 cm-3 for nondoped 
samples. The same marks are the data taken from the same 
reference. [ 3] 
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In addition to impurity effects, like metal under dynamic 
recovery, dislocation cell structures are often found • 1n 
undoped and doped semi-insulating GaAs. (42-45] In dynamic 
recovery, the applied stress causing the deformation • 1S 
additive to the stresses acting between dislocations and/or 
dislocation and impurities. As a result, the dislocation cell 
-
. 
structure and/or the dislocation features might be changed 
L 
accordingly ( i. e, dislocation moves into the cell wall or 
subgrain boundaries, and cell size changes). This might also 
contribute to the pinning effect of dislocation movement. 
The above argument might be applied to explain the 
experimental results of this two-step stressed anneal. 'There 
.... -
. 
-
exists a critical activation stress needed to move the 
dislocation within an electrically activated material below 
which no apparent influence on electrical properties would be 
expected. The critical activation stress necessary to 
influence the Si-doped activation layer on LEC SI-GaAs in this 
• 
study seems to be greater than 2.28E4, dynes/cm2 for tensile 
stress and -8.86E4 dynes/cm2 for compressive stress at soo 0c 
for n-type GaAs thin strip (Si carrier 1E18 crn- 3 , 35mm x 6mm 
, 
X 500 µm). Furthermore, this experimental observation also 
implies that "reactively rf sputtered SiNx is a promising 
material for commercial GaAs devices fabrication. .. Indeed, 
this doubly SiNx-coated GaAs structure shows no significant 
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changes on the redistribution of carrier junction and 
mobilities for even further high temperature process ( 
secondary anneal) and/ or external stress. · 
) 
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III. SUMMARY 
In summary, the major effort in this thesis has been 
directed toward the effects of stress on silicon implanted 
through reactively rf sputtered SiNx into LEC SI-GaAS. It is 
clearly shown that for one-step stressed anneals, activation 
kinetics is influenced by external stress coming from a number 
uf ~uurces. 
a critical value, the electrical carrier concentration 
decreases with increasing applied stress and eventually the 
material becomes p-type under further plastic deformation. 
However, the situation differs under an applied compressive 
stress, where stress has a little influence on the carrier 
concentration and Hall mobilities. 
t 
This phenomenon • lS 
explained by the difference in dislocation mobilities between 
. . ~ p 
a bending and~ bending. The above observation leads to the 
conclusion that the activation stability does not depends upon 
. ..-
the intrinsic stress of encapsulant but on the final total 
stress on the activated layers. This total final stress 
includes intrinsic stress, oint, thermal mismatch-stress, 8th, 
and external stress, 6exu from any sources (i.e, multilayers 
structure, window edge stress, etc.). 
From the two-step stressed anneal study, the independence 
of carrier conc~ntration and Hall mobility on applied stress 
' . 
can be explained by assuming that once the dopant is activated 
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and occupies the lattice s~te a much higher stress I lS 
necessary to propagate the dislocation and/or dislocation-
point defect complexes across the GaAs crystal. In this 
study, even an intentionally applied stress up to Ta - 2.28E4 
dynes/cm2 for tensile stress and -8.86E4 dynes/cm2 for 
compressive stress at 800 °C produce no pronounced deviations. 
This value is comparable to the literature data by Booyens. 
[34] The critical activation stress, 'a, to move dislocations 
is 2.11E8 dynes/cm2 for a bending and 2.71E8 dynes/cm2 for~ 
bending for the specimen ( size 1 cm X 0.6 cm X 300 µm with 
Si carrier concentration 1El8 cm- 3 and dislocation density 1E4 
cm- 2 ) at 500 °C and constant strain rate 9. 62E-5 cm sec- 1 • 
On the basis of the AES study, no degradation is found on 
the properties of reactively rf sputtered SiNx film after one-
step or two-step stressed anneals. Also·no detectable Ga or 
As out-diffusion are observed within the AES detection limit. 
Such test results indicate that rf sputtered SiNx is a good 
candidate passivation material for LEC SI-GaAS devices 
fabrication. Furthermore, from the stress_ distribution 
analysis, it is found that the initial stress of SiNx doubly-
coated GaAs I I I is in compression (-7.0E4 dynes/cm2) at 800°C. 
This initial stress seems higher than the actual value because 
the data used in this calculation are based on bulk materials. 
If one uses the data from milek [33], the initial stress of 
GaAs in this SiNx doubly-coated structure at 800°C may be 
84 
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' 
nearly negligible. In other words, (aGaAs) th and (aGaAs) int might 
compensate each other. 
0 
From the entire study, it is concluded that a silicon 
implant through reactively rf sputtered SiNx into GaAs is an 
excellent fabrication technique for GaAS digital IC, MMIC, and 
MESFET process. A higher peak carrier concentration and 
shallow junctions can be achieved by this- indirect 
implantation of 29si + • 
. ../ 
.. ·i I 
/ 
)' 
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APPENDIX< A> 
CALCULATION OF TOTAL STRESS DISTRIBUTION ON DOUBLY SiNx-COATED 
GaAs 
I. Schematic drawing of SiNx/GaAs structure used for stress 
calculations. ( All the notations used in this section 
are identical to that used in section 2.2) 
6 mm 
SiNx 
500 J.J111 
GaAs 
' _,i, ... . 
" .. _: . ~ ~ . 
. -- . 
1000 A 
500 J-111 
1000 A 
p 
p 
• 
• I 
• I 
I 
I 
I 
p 
- . ' . 
p 
Fig A.1· Schematic drawing showing the doubly SiNx-coated 
GaAs structure used for stress distribution calculations. 
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II. 
\ 
-~ On GaAS . 
Some parameters used for this calculation: 
E (dynes/cm2) 
Operation temp. (0 c) 
GaAs .. 
6.45E-6 
8.53Ell 
25 - 800 
SiNx 
2.22E-6 
1.3El2 
(1). ath Calculation at 800°C 
GaAs (before) 
. Thermal . • 
GaAs . . Expansion 
. 
• 
• 
. 
• 
• ,. 
. 
. 
. 
• 
• 
• 
• 
• 
• 
• 
• 
. 
• 
. 
GaAs • (final) • • • 
• 
• 
• 
Fig A.2 Thermal expansion equilibrium at aoo 0c 
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,: 
. (€th)siN = (800-25) X 2.22E-6 = 1.71E-3 
( €th) GaAs = (800-25) X 6. 45E-6 = 5E-3 
in equilibrium, 
asiN x 6mm x 1000 A x 2 + aGaAs x 6mm x 500 µ,m = O 
asiN = -2500 aGaAs 
this yields, 
€siN = 1. 71E-3, + ( -2500 ~~As / 1. 3El2 ) 
= 1.72E-3 - l.92E-9 aG~s 
€GaAs = 5E-3 + 1. 17E-12 aGaAs 
From compatibility consideration, 
thus, 
• 
(CJGaAs)th = -3.28·E-3 / 1.92E-9 = -1.71E6. dynes/cm2 
.. 2 (asiN)th = 4.27E9 dynes/cm 
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D 
: 4 . ,> 
,,. •• < 
,, 
·, . 
GaAs 
4.27E9 
-1.71E6 
1.27E9 
-
· Fig A. 3 Resultant stresses due to thermal coeffi.cient 
mismatch. 
( 2) • a int 
( The aint data is not available for high temperature ) 
From Fig 1.5 [20], 
(asiN).int = -4 .1E9 dynes/cm2 
(aGaAs)int = 1.71E6 x 4.1 / 4.27 - 1.64E'6 dynes/cm2 
GaAs 
. 
-4.1E9 
1.64E6 
-..rr'J'~~~~~~~ ~ -4. 1 E9 
Fig A.4 Resultant stresses due to intrinsic misfit 
of SiNx and GaAs. 
From·· Eq 2 • 3 , 
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' 
O'total = .ath + Gint + O'ext 
it is obtained the total stress without external loading, 
(aGaAs)tot,.ltop = (-l.71E6) + l.64E6 + 0 
-7.0E4 dynes/cm2 
~ . ·- . . .. · ·, . 
(3). a~t Calculation 
Stress under external loading P ( Fig A.1) 
n = EsiN / EGaAs - 1. 3E12 / 8. 53Ell - 1. 52 
Iyy a h 3 /12 = 0.6 (500E-4 + lOOOE-8 x 2 x 1.52 ) 3 / 12 
= 6.25E-6 cm4 
(aGaAs)exttop/bottom = ± .7 P {SOOE-4/2) / 6.25E-6 
= + 2.8E3 P 
thus, 
... . 
( ) top _ ( top a GaAs total - a GaAs) int + ( ) top ( ) top a GaAs th + a GaAs ext 
= 1.64E6 - 1.71E6 + 2.8E3 P 
= -7.0E4 + 2.8E3 P 
. " 
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( · ) bottom aGaAs total 
_ ( · ) bottom ( ) bottom 
- aGaAs . int +· aGaAs th - ( ) 
bottom 
GGaAs ext 
= -7.0E4 - 2.8E3 P 
The calculation results are list in Table 2.1 and 
Fig 2.4. 
- . 
III. On SiNx 
(asiN)exttop/bottom = + 2.8-E3 p X (n) 
= + 4.26E3 P 
( ) top _ ( ) top ( ) top ( ) top as,N total - as,N int + asiN th + as,N ext 
-4.1E9 + 4.27E9 + 4.26E3 P 
• 
1.7E8 + 4.26E3 P 
by analogy., 
( ) bottom GsiN total - 1.7E8 - 4.26E3 P 
The applied stress has very little influence on the final 
stress of SiNx films. 
III. Discussion 
1. Initial stress of doubly SiNx-coated GaAs is~in 
compression (-7.0E4 dynes/cm2). 
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2. The intrinsic stress obtained from Ref.[20] is higher 
than the actual value because the data used for 
calculation are based on bulk materials. 
ath = 2. 2E-6 °C- 1 
E = 1.3E12 dynes/cm2 
If using the data from Milek [33], we may obtained, 
' 
(asiN)th = 1.36E9 dynes/cm2 
( a GaAs) th = - 5 • 4 2 E 5 II II 
The initial stress di-stribution in GaAs at 800 °c may 
be nearly negligible; · the ( aGaAs) th and ( aGaAs) int almost 
compensate each other. 
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